The nonlinear optical (NLO) properties of 13 novel styrylquinolinium dye thin films for photonic 14 applications have been studied by the Z-scan, second harmonic 15 generation (SHG), and third harmonic generation (THG) 16 techniques, providing both the second-and third-order 17 nonlinear optical parameters. The styrylquinolinium dye (E)-18 1-ethyl-4-(2-(4-hydroxynaphthalen-1-yl)vinyl)quinolinium 19 bromide was synthesized by the Knoevenagel condensation, 20 and its structure and physicochemical properties were 21 determined by 1 H NMR, 13 C NMR, FTIR, UV−vis spectros-22 copy, and elemental analysis. Functional thin films were deposited by pulsed laser deposition (PLD) using UV TEA N 2 laser onto 23 glass substrates and KCl, NaCl monocrystals at room temperature and vacuum at 10 −3 mbar/0.1 Pa. Further characterization of 24 the films and target from native material by FTIR spectroscopy revealed that there was no difference between the deposited films 25 and the initial material. Atomic force microscopy (AFM) and scanning electron microscopy (SEM) measurements have been also 26 performed in order to provide information about the morphology and topology of the thin films. 30 Bulk materials or thin film structures with high nonlinearity can 31 be easily used for NLO devices and applications like optical 32 switches, modulators, devices for frequency mixing processes, 33 optical sensors, integrated optical circuits for telecommunica-34 tions, and optical computing. 1
INTRODUCTION
magnitude greater than most inorganic materials in practical 49 use. 6 50 The basic idea of the design of the new styrylquinolinium dye 51 (E)-1-ethyl-4-(2-(4-hydroxynaphthalen-1-yl)vinyl)quinolinium 52 bromide system is to enlarge the π-conjugated system in the y-53 direction while in the literature systems are described, where π- 54 conjugation enlargement has been achieved in the x-direction 55 by using quinolinium and naphthalene moieties, thus increasing 56 the molecular hyperpolarizabilities. 57 The crystallization ability of the compound and the 58 mechanical properties are improved with respect to styryl 59 dyes with benzene and pyridine rings. The larger conjugated π-60 system is a prerequisite for enhanced nonlinear optical 61 response. It is leading to batochromic shift of λ max and to 62 larger solvatochromism. The melting point of the material is 63 higher (285−287°C) than the known merocyanine dyes, 64 which is a further advantage for the manufacturing of devices. 65 For this dye, high damage threshold can be expected. 7−9 obtained compound was dark red crystals with high mp 285−7 133°C. Yield: 97%. 134 Elemental analysis of C 23 H 20 BrNO; calcd C 67.99%, H 135 4.96%, N 3.45%; found C 68.03%, H 5.00%, N 3.47%. 1 The details of the experimental techniques, as well as the 214 procedure to analyze the experimental data, will be briefly 215 described here, as extended information can be found in the 216 literature. 13−16 Concerning the "open aperture" Z-scan 217 technique the total transmittance through the film has been 218 measured as it moved along the transmittance axis of the 219 focused laser beam and around the focal plane of the lens. In 220 this way the size of the laser beam on the film was varying, 221 modifying the incident laser intensity. All the transmitted light 222 has been collected with a large diameter focusing lens and 223 measured with a suitable photomultiplier. The measurements 224 have been performed for several different laser energies in order 225 to verify the linear dependence of the nonlinear optical 226 response upon the energy. Also, measurements were carried out 227 in several areas of the film to prove that the response was 228 homogeneous all over the surface. (1) 231 where T is the normalized transmittance, L eff = (1 − 232 exp(−a 0 L))/a 0 is the effective thickness of the sample, α 0 is 233 the linear absorption coefficient of the sample at the laser 234 excitation wavelength, L is the sample thickness, and I 0 is the 235 on-axis irradiance at the focus. 23, 24 Therefore, the new styrylquinolinium dye 361 can be interesting as a very promising material for NLO 362 applications. 363 The infrared spectrum of the compound studied is given in f4f5 364 Figures 4 and 5, curve (1). It is typical for cationic dyes. The 365 most prominent IR bands at 1558 and 1565 cm −1 correspond 366 to the strongly coupled ν CC and 8a, 8b in-plane vibrations of 367 the quinoline fragments in the molecules. These are the 368 characteristic bands that are strongly influenced by the 369 tautomeric effects depending on the solvent polarity. The 370 bands observed within the 3419−3344 cm −1 IR region could be 371 assigned to the stretching vibration of OH group, in the 4-372 position, which participates in hydrogen bond with Br anion. 373 The law intense maxima between 3060 and 3010 cm −1 can be 374 attributed to C−H stretching vibrations of aromatic rings while 375 the middle intense bands in 2963−2922 cm −1 belong to the 376 ν C−H of the aliphatic chain. 3.3. Surface Analysis. Good adhesion of the films on the 400 substrates has been found, while no droplets were observed on 401 the surface of the films, which is a common problem emerging 402 with the PLD method. The films were amorphous and 403 transparent in the visible spectrum. 404 Atomic force miscroscopy (AFM) measurements were 405 performed using a PicoSpm microscope (Molecular Imaging) 406 in contact mode. Maximum scan size was 6.5 μm × 6.5 μm.
407
The obtained raw images were processed using the WSxM 408 f6
program. 27 Figure 6 shows the planar AFM image after the The Journal of Physical Chemistry C Article dx.doi.org/10.1021/jp2118218 | J. Phys. Chem. C XXXX, XXX, XXX−XXX 412 roughness of the samples has been calculated from scans 413 performed on different areas of the samples and found to be 414 about R = 3 nm. 415 The film morphology has been further examined with high-416 resolution SEM mircroscopy. The SEM representative micro-417 graphs of thin films from styrylquinolinium dye with thickness f7 418 100 nm deposited onto glass substrate are shown in Figure   f7 419 7a,b. The SEM micrographs exhibited very fine texture with 420 nanoscale dimensions, about 100 nm. The scales can be seen in 421 the figures. From these findings it is obvious that the studied 422 films have been homogeneous without droplets or cracks, 423 verifying the high quality of the surfaces. 424 3.4. NLO Properties Measurements. For the determi-425 nation of the nonlinear optical parameters the exact knowledge 426 of the thickness of the investigated films is very important, so it 427 has been separately measured for each film with a profilometer. 428 In all cases it has been found to vary in the range of 60−100 429 nm. A characteristic absorption spectrum of the films can be f8 430 seen in Figure 8 . It is obvious that there is significant 431 absorbance around 532 nm, which has been the wavelength 432 employed for the Z-scan techniques, as well as the wavelength 433 of the second harmonic generated photons. In both cases the 434 absorbance has been taken into account during the analysis of 435 the experimental data in order to accurately determine the 436 nonlinear optical parameters. The linear absorption coefficient 437 as derived from the absorption spectra at 532 nm was α 0 = 7 × 438 10 4 cm −1 . 439 First "open aperture" Z-scan measurements were carried out 440 for the thin films, and several recordings have been acquired for f9 441 different laser energies. In Figure 9 , characteristic traces 442 obtained at 0.74 and 1 μJ can be seen. A profound 443 transmittance peak can be seen around the focal plane, which 444 is characteristic of saturable absorption (SA)-type behavior of 445 the sample. From a plethora of recordings the Im χ (3) has been 446 determined according to the eqs 1 and 2 and has been found to Figure 11 in the case of p polarization. The contribution 475 of the substrate has been separately measured by in situ 476 removing a part of the film and has been found in all cases to be 477 negligible, compared with the strong nonlinearity emanating 478 from the thin film. Not significant difference has been found 479 between the experimental data obtained for s and p 480 polarizations, so the third-order nonlinear optical susceptibility 481 χ (3) has been assumed to be the same within the experimental 482 error. The determined effective χ (3) value was found to be 6.5 × 483 10 −20 m 2 V −2 . 484 As it can be seen from all our measurements both the 485 second-and third-order nonlinear optical response of the dye is 486 high which can be attributed to the charge transfer exhibited by 487 this system. The novelty of the chemical structure of the sample 488 renders impossible the comparison with previously published 489 results in the literature. However, it should be mentioned that 490 many studies have been published before concerning the 491 nonlinearity of hemicyanine dyes. 21, 28, 29 In these cases big 492 differences have been obtained between the response of the 493 investigated molecular structures, which can be attributed to 494 the different donor/acceptor moieties resulting to enhancement 495 or reduction of the nonlinearity. 
CONCLUSIONS

